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1. INTRODUCTION

The 2020 SenioReview evaluated 13 NASA Earth Science satellite missions in
extended operations: Aqua, Aura, CALIPSO, CloudSAGNSS,DSCOVR,ECOSTRESS,
GPM, LIS, OCQ2, SAGEIIl, SMAP, and Terra. The Senior Review Panel was tasked with
reviewing proposals submitted leach mission teartinat addressed both tiey 2021-2023,
and FY2024-2026 time periods The review considered the scientific value, national interest,
technical performance, and proposed cost of extending each mission. The Raeete
evaluated the prgsalsonrs ci ent i fi ¢ merit and religsioance t
(ESD) Science PlanFriority was given tainique extended datasets within the ové?atigram
of Record(PoR) as described in the 2017 Decadal Survey following guidance frabalfer
Proposalsi Senior Review 2020 for Extension of Earth Science Operating Missibhe
importance of longerm data sets and overall data continuity for Earth science research and the
direct contributions of mission data to applied and operationa mssupport of national
interests were considered as well. fanels were convened to providedepth evaluations of
the value to national interests, technical performance, and costs of extending each fi&sion.
missions were reviewed separately amdependently from each other

The 2020 Senior Review finds that the 13 missions have very high scientific merit and
meet the requirements for very high relevance to ESD priorities for extension.

2.REVIEW PROCESS

The 2020 Senior Revieprocess began on December 20, 2019, when ESD issued a Call
for Proposals letter inviting 13 NASA missions in extended operation to submit proposals for
continuation, due March 6, 2020. The Senior Review Science Panel first convened on March 2 via
teleconfeence to discuss procedures and review assignments. Three reviewers, a Lead and two
Secondary Reviewersvere assigned to each proposal. Over the next one and half months, bi
weekly teleconferences were held to review progress and address any issu&dliabr.Gail,
co-Chair of the 2017 Decadal Survey, was invited to give a presentation to the Science Panel and
to provide an overview of the PoR. In parallel with this process, the National Interests, Technical
and Cost suipanels were convened and metgwview the proposals in these areas. A first Science
Panel Plenary virtual meeting was held in May with telecons taking place over three days, May
13-15. During this meeting, the Lead Reviewers briefly presented each mewioal] Reviewers
reported tlir evaluations and preliminary science ratings (Excellent, Very Good, Good, Fair, or
Poor).

Each mission review team identified a set of foHow clarification questions to the
respective mission team (Questions to Mission Team, QMT) that was pre&etitedpanel for
discussion. The QMT eareedited based on the panel's in@utd the questions were forwarded to
the mission teams on May 27 with replies due on June 30. The second and final Science Panel
Plenary virtual meeting took place on Juhi4. Duing the first four days of this last meeting
(July 7- July 10), each mission teagavea presentation addressing the respective QMT. The
missions were allotted 60 minutes for their presentation, except for Terra andvAiaeach
had 70 minutes. Eagltesentation was followed by a-20 min overview and synthesis discussion
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among science panel members in closed session with only the program scientists being present.
Following these presentations and discussions, the panel developed a collectiveoawieath

mission. The Chairs dhe National Interests, Technical and Cost Salnels presented detailed
briefings during both Science Panel Plenaries. Final reports from each can be found in Appendix
1, 2, and 3, respectively. TBeience Bnel met orduly 13 to work collaboratively on the summary

of the detailed findings for each mission (Appendix 4) and met July 14 for final approval. A
briefing of the results was presented to ESD management on JojytB& Science Panel Chair

The workflow charfor the ESD 2020 Senior Review is provided in Figure 1 for reference.

ESD Senior Review 2020 Flow
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Figure 1 - 2020 Senior Review workflow chart and sched(lRed highlighting indicates
changes to accommodate COVID impacts.)

3. GENERAL FINDINGS

For nearly twentyfive years, dataets from NASA's Earth Science Operating Missions
have enabled transformative change in our scientific understanding of the Earth System. They have
been used in myriad applications worldwide, prompting advances in forecasting, hazard response,
and enviromental management and stewardship with great benefit to society. The portfolio of
thirteen missions in the 2020 Senior Review includes pioneer missions like Aqua, Terra, and Aura
that have been operating for decades; aging missions like CloudSat and CAtH&Shave
demonstratethe valueof active atmospheric profiling technologiesaturemissions like GPM,

OCO2, and SMAPthat are producing higbuality data technology pathfinder missions (e.g.,
CYGNSS), andnstrumertmissionsthat leverage accesstite International Space Station (e.qg.,
ECOSTRESS, LIS, SAGHI) and NOAA's DSCOVR. The Panel was unanimously impressed
with the mission8continued role as science catalysts aadpositive about the prospects for the
extended data sets. The overall findings for the missions ranged b&fergeBood2 missions)
andExcellent {1 missions), and all missions were deenteaellentconcerning ESD relevance
priorities (4.55 range). Asummary of the Science Panel evaluations is presented in Table 1. The
data quality range (3:B) is slightly broader as it includes missions with mature algorithms and
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data products that were all found toecellentandmissions proposing to Senior Rewi for the
first time (e.g., ECOSTRESEYGNSS and SAGHII) that were found/ery Good

Table 1- Science Panel detailed review findings. Science scores are-brseale, with 1 being

the | owest ranking of fAPoor»xc alnlde rbt b i n

NASA 2020 Senior Review Science Panel Summary
Mission Science Merit| Relevance | Data Quality | Overall Score | Overall Science

Mean | Median | Mean | Median | Mean | Median| Mean | Median | Findings
Aqua 5.0 5.0 50 |5.0 5.0 5.0 5.0 5.0 Excellent
Aura 5.0 5.0 50 |5.0 5.0 5.0 50 |5.0 Excellent
CALIPSO 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 Excellent
CloudSat 5.0 5.0 50 |5.0 5.0 5.0 50 |5.0 Excellent
CYGNSS 4.7 5.0 50 |5.0 4.0 4.0 4.6 5.0 Excellent
DSCOVR 4.5 5.0 4.5 5.0 4.1 4.0 4.4 4.0 Very Good
ECOSTRESS 4.6 5.0 5.0 5.0 4.1 4.0 4.6 5.0 Excellent
GPM 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 Excellent
LIS 5.0 5.0 45 |5.0 5.0 5.0 4.8 5.0 Excellent
0CO2 5.0 5.0 50 |5.0 4.2 4.0 4.7 5.0 Excellent
SAGEIIlI 4.0 4.0 4.8 5.0 3.8 4.0 4.2 4.0 Very Good
SMAP 5.0 5.0 5.0 5.0 4.2 4.0 4.7 5.0 Excellent
Terra 5.0 5.0 50 |5.0 5.0 5.0 50 [5.0 Excellent

The Science Panel integrated the input of the Technical andRa@ogls and National
Interest Sib-panel scores with the overall science findingglébermine the mission extension
findings presented in Table 2. TReane | 6 so ppgdlolnisng or each missio
follows: 1) Extend/inguide mission extension would be limited by the funds currently planned
for the mission inthe approved@®@ ncy budget. Thi s i s cForssneder e
missions, that would limit extension to less than three year&x@nd/overguide mission
extension would be consistent with the misseanopt i mal 6 proposal, req
alocated to the mission beyond what is planeadentlyin the approved agency budgdtor
mo s t mi ssi ons, the o6optimal 6 pr geaoideavhlsl) as s L
Extend/othermission extension would be modified as specified by the pdinet. could include
reduced or added scope, which would result in a different funding line than baselined or proposed
by the mission; and 4o not extendmission operations would termindteginning FY2021, but
the mission teamvouldbe funded to complete final proce
datasets.

The utility scae from the National InterestsiBpanel captures the bidth of the user base
and applications. Aqua and Terran® the only two missions given\éry Highutility score
reflecting the ubiquitous use of their products,angarticular MODIS products, across federal
and state agencies and the private sector. Missionsfedgtls onparticular data sets such as



DSCOVR, CloudSat, LIS on ISS, adCO-2 received a score @omeutility due to the smaller
size of their user base. All other missions recelgh scores from their respective users.

Table 2- Overview of 2020 Senior Review assessment and missi@msion findings.

NASA 2020 Senior Review Extension Findings Summary
Mission National | Technical | Cost Science | Mission Extension
Interest | Risk Risk Overall
Panel Findings | FY 2021-2023 | FY 2024-2026
Aqua Very High | Low Low Excellent | Extend Extend
/Overguide /Overguide
Aura High Medium- Low Excellent | Extend Extend
Low /Overguide /Overguide
CALIPSO High Medium Medium | Excellent | Extend N/A
/Overguide /Overguide
CloudSat Some Medium- Medium | Excellent | Extend Extend
Low /Overguide /Other
CYGNSS High Medium- Low Excellent | Extend Extend
Low /Overguide /Overguide
DSCOVR Some Low Low Very Extend Extend
Good /In-guide /In-guide
ECOSTRESS High Medium Medium- | Excellent | Extend Extend
Low /Overguide /Overguide
GPM High Medium Medium | Excellent | Extend Extend
Low /Overguide /Overguide
LIS Some Low Low Excellent | Extend Extend
/Overguide /Overguide
0CO2 Some Low Medium- | Excellent | Extend Extend
Low /Overguide /Overguide
SAGEII High Low Low Very Extend Extend
Good /In-guide /In-guide
SMAP High Medium Medium | Excellent | Extend Extend
/Overguide /Overguide
Terra Very High | Low Low Excellent | Extend Extend
/Overguide /Overguide

The technical risk is generally low and medHow for most missions, increasing to
medium for CALIPSO, GPM, ECOSTRESS, and SMAP. The mission teams provided a detailed
account of mitigation strategies and risk management plans that were further expatiaed i
replies to QMT. The risk of exceeding the proposed budget is genecalyo MediumLow,
except for missions like CALIPSO, CloudSat and SMAP, in which caddediumcost risk is
assessed in anticipation of the potential need to rescope missi@tiops and, or mission science
tied to technical risk. Overall, the risk profile of the thirteen missions assessed during the 2020



Senior Review is iine with expectations of extended mission operations, and the national interest
is high. The Panel tond that all missions meet ESD priorities for extension.

The Panel has the following specific findings concerning the missions and the future of
Extended Science Mission Operations activities:

General Comments

The Panel is cognizant of the tremendous scientific progress and unprecedented
engineering feats of NASAEarth Science Data SystenisSDS) program. In particular, the panel
highlights NASA's role in establishing the world's first and most rigorous apEss repository
of Earth data. The paradigm of developing hkeglality welldocumented scienagrade remote
sensing products along with transparent algorithms enabled scientific progress by reducing the
barriers to use of remotensing data outside of athexpertise niches, by providing standards for
reproducibility of scientific results, and by nurturing the development of a vibrant ecosystem of
developers of Earth Science Applications. Presently, flagship missions such as Aquanberra,
Aura approactendof-life, and budget constraints emerge due to new missions in response to the
2017 Decadal Survey. While there is a growing number of governmental agencies that are
following NASA's lead internationally and sharing their data with the public, ankd wiere is
growing private sector participation in remote sensing of the environment, a framework for quality
retrievals and development of derived products with-alediracterized errors and uncertainty that
are necessary for science and advanced opesaitt missing. The Panel suggests this is a most
critical gap where ESD can build on the legacy of NASA'S pioneering Earth Observing System
(EOS) and continue to play a crucial leadership role in Quality Data Systems and in facilitating
equitable acces® quality data. The Panel urges NASA ESD to plan for continuity in the next
epoch of Earth Science and Applications from Sp#eeeraging national and international
collaborations and partnerships to maintain development, produatidraccesto high-quality
Earth data.

2020 Senior Review Specific Comments

(1) The Senior Review Sciendeanel is concerned that upcoming Aqua and Terra orbit
changes in 2022 will bring about significant changes in the quality, and consequently, the utility
of thedata. The changes will be especially dramatic for Terra, which is the only morning satellite
in the MODIS spectral range, as Mean Local Time (MLT) crossings begin to drift from 10:30 AM
to 9 AM by 2025 as proposed. Aqua MLT will drift from 1:30 PM toN8 By 2025. During the
2020 Senior Review, the Panel generated detailed Qdtplicitly asking for quantitative
diagnostics of the impact of orbit changes and corresponding algorithm changes on Terra data sets
and MODIS products specifically. The Aqua ahdrra mission teams responded to these
guestions by producing largely qualitative preliminary estimates of uncertainty based on expert
knowledge. The Panel recognizes the challenges of developing working algorithms to derive
guantitative estimates duringe Senior ReviewHowever, the quantitative assessment needs to
be established before MLT drifts by more than 15 minuié® Panebuggests it a Special
Review of Terra algorithms and data sets be conduncidater thar2022 to assess tlaaticipated
increases in uncertainty and the effectiveness of mitigation strategies. It is expected that an MLT
drift of 15 miruteswill curtail the utility of some of thedata for climate studies particular for



guantification of subtle trends and small anomadideey geophysical variables as specified in the
2017 Decadal Survey. Additionally, given that the uncertainty increase in specific Aqoa and
Terraproducts is deemed tolerablnd given new science opportunities, the Panel suggests the
organization ofa Users' Workshop to communicate changes in the data sets and to prepare users
for missionendof-life, including the evaluation of continuity products.

(2) The Panel finds that the Senior Review process is metig@ndthe guidance received
was vey helpful throughout the process. In recent years, the portfolio of missions considered for
Reviewis more diversgincluding instruments on platforms of opportunithe Panel finds that
there are significant differences in how missions balance sciadagparations, including whether
missions have science teams or not, and whether independent science teams are selected vi
competitive ROSES calls for proposalfese differences have a measurable impact on data usage
and scientific outcomegfor example CloudSat vs. GPM vs. DSCOVR vs. SAGIE . The
increasing number of Réd satellite missions selected through either Earth Venture Mission
(EVM) or Earth Venture Instrument (EVjfrogramsinnext year s wi l |l furthe
mission portfolio.The SciencePanel suggests that guidance on &sigecbe provided upfront in
futureSeniorReviews, includin@ possibledaptatiorof the evaluation criteria falifferent types
of missions.

4. MISSION SPECIFIC FINDINGS SUMMARY
Aqua

The Aqua satelie, the first in the ATrain constellationwas launched on 4 May 2002. The
spacecraft bus is still in excellent conditidfour working instruments (AIRS, AMSU, CERES
and MODIS) are still healthy, except that some channels have been degraidbddo not have
asignificant impact on data quantity and quality. The data quality and algorithm maturity are very
high. Aguacollected data are highly relevant to the NASKD Science Plan, thedR, and the
2017 Decadal Survey priorities for observables. Aqua data has been used to answer four of
NASAG6s key science questions and has provid
and one of three targeted observabldsafiocatedto flight programs. Rece research has shown
that AIRSlong, stable, higiprecision data can reliably monitor our changing climate, such as
finding changes in the surface temperature, cloud properties, atmospheric compasition
extreme wedter. AIRS ad AMSU data are routinely used for data assimilation in Numerical
Weather Prediction (NWP) models for operational forecasts with demonstrated superior
contribution to forecast skill. Moreover, the CERES instrument on Aqua, together with othe
CERES instruments on Terra, Suomi NPP and NE&8Ahas contributed to theitical Earth
Radiation Budget (ERB) climate data record. As a member of {hiealy constellation, and with
wide swaths for a majority of the data, Aqua has also provided dattrieval products of other
nontA-Train satellites. Due to fuel limitations, Aqua will lower its orbit and exit from the A
Train in &nuary 2022. At that time, AqeaMLT will start drifting from 1:30 PM to M by 2025.
The inguide (baseline) budgetill support Aqua's operation until April 2023, while the over
guide budget requests an additionalyeér operational time until September 2025. After that,
the changes of MLTs and solar zenith angles will have an impact on some Aqua data products. In
particular, a lower zenith angle could cause a minor to moderate degradation in the quality of the
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cloud mask and surface energy fitetated products. Impact on AMSU and AIRS radiances,
which are critical to weather forecasts in both national and interr@toperational centers, is
anticipated to beninimal.

The Senior RevievsciencePanelunanimouslyfinds there is enormous potential benefit
in continuing to receive Aqua datgiven that the majority of the data products can remain at the
same or a siffar quality level pending the proposed modifications to algorithms. The Senior
Review Panefinds in support of Aqua'sxtension with the oveguide budget for botRY 2021
2023 and~Y 20242026.

Aura

The twooperationalnstruments on Aura are tidicrowave Limb Sounder (MLS) and the
Ozone Monitoring Instrument (OMI). Aura will continue operating nominally through 2024 with
anticipated enaf-life in 2025. With its longterm record of higiguality measurements, the MLS
on Aura has become the gdthndard for vertical profiles of atmospheric gases (includut, H
O3, CIO, HCI, HNQ, CO, SQ, and NO), cloud ice water content, and temperature from the upper
troposphere to the upper stratosphere. No other satellite instrument in theitReRgurently
operating or planned for deploymeara&nlook above 100 hP#or profiles of these specie©OMI
has used its nadiooking, wideview, UV-Vis hyperspectral imaging capability to give letggm
daily global coverage for column amounts of several gaselsding G, NO,, SG&, BrO, HCHO),
aerosol types (smoke, dust, sulfates), and etopgressure. Its lontgrm, stable solar irradiance
measurements, widely recognized as the gold standard by which other solar irradiance
measurements are evaluated, Ww# available until 2024 when Aura must leave its orbit and
descend. As attested by the increasing number ofdiigha | i ty publ i cati ons,
of atmospheric reactive gases are finding increasimglge extensiveise in science, air quality
maragement, health studies, and economic analysis, including the economic impacts of COVID
19 that received wide public attention.

The Senior RevievsciencePanelunanimouslyfinds that continuing MLS through 2025
will extend its longterm record ofunique and excellent science, including studying the recently
discovered apparent shift in stratospheric dynamics and, in 2020, the observed Arctic ozone hole,
smaller than, but as deep as an Antarctic ozone hole. Continued operation will also give ®@MI mor
time to provide the longerm, highaccuracy, and stable gas measurements to test and to help
improve the measurements of its successor, TROPOMI, and the emerging constellation of
geostationary trace gas monitoring instruments. The Senior ReviewsBppelts the extension
of the Aqua mission with the ovguide budget for both FY 2022023 and FY 2022026.

CALIPSO

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observati@@ALIPSO)
mission, launched in April 2006, is entering itd"}®ar of successful operation, providing unique
observations of global aerosol awertical cloudprofiles. The CALIPSO instruments include a
two-wavelength polarizatiesensitive lidar Cloud-Aerosol Lidar with Orthogonal Polarizatipn
or CALIOP), a threechannel infrared imaging radiometer (IIR), and a sirgjlannel wide field
of-view camera (WFC). Both CALIOP and IIR have operated well soTtae WFC stopped
operating orlL1 April, 2020, but no primary CALIOP products depemthe WF C . CALI PSO



verticd profile measurements of clouds and aerosols provide amaraligled resource for
evaluating and improving weather and climate and air quality models, and models used to forecast
the dispersion of volcanic and fire plumes. CALIPSO is highly relevanet&8ASMD Science

Plan and the 2017 Decadal Survey, and diredlynd r i but es t o fandvtteee 6 mo s
overy importanbobjectives in the Decadal Survey. CALIPSO exited thEr&n and descended

to its disposal orbit at 688 km in September 2018 to resume matched lidar/radar cloud profile
measurements with CloudSat. All spacecraft subsystems continue to operate nomihiligew

orbit. CALIPSO is now slowly drifting to later local ascending node crossing timgslata

guality is insensitive to changes in crossing times. The backup laser of the CALIOP (which has
been in use since March 2009 after the primary lasesteaped)will reach the end of its useful
lifetime sometime within the next-B2 months. At that time, the mission team will restart the
primary laser. If this is successful, science operations will continue until Septembewh@a3
CALIPSO is expectetb be terminated due to insufficient power.

The Senior Reviecience”?anelunanimouslhyfinds that extending the CALIPSO mission
through 2023 will have tremendous benefits. This includes maintaining critical synergies with
CloudSat to provide ctocated observations of clouds, aerosols, and precipitation, and allowing
further development of important data synergies with other dpased sensors such as SAGE Il
ISS, OMPS, VIIRS, and ICES&t CALIPSO provides unique monitoring capabilities that imfor
environmental health and human safety interastduding providing neareal time aerosol
information to NOAA to improve air quality forecasts; validating passive sensor retrievals (e.g.,
after exiting the ATrain, the CALIPSO orbit precesses eastwaodoss the MODIS swath,
allowing longsought validation of MODIS aerosol and cloud products as a function of MODIS
view angle). Furthermore, by enabling data continuity with the sipacee lidar measurements
to be acquired by EarthCARE, CALIPSO couldveeas a unifying bridge to a future Aerosol
CloudsConvectionPrecipitation (ACCP) mission. The Senior RevieSciencePanel supports
the extension of CALIPSO FY 2020023 with overguide budget, and the proposed egaide
budget for mission closure adgties in FY 20242026.

CloudSat

The CloudSat mission, launched in 2006, carries the Cloud Profiling Radar operating at 94
GHz, which is currently the only space borne radar capable of simultaneously observing both
clouds andight precipitation, albeibver a narrow swattAfter its departure from the-Arain in
2017 due to a loss of a reaction wheel, it recently joined CALIPSO in its lowered disposal orbit in
the GTrain. CloudSat will continue to fly in formation with CALIPSO as its mean local crgssin
time drifts until CALIPSO is decommissioned. CloudSat data are widely used by many other
mission science teams to improve cloud and precipitation retrievals from etisers in the PoR.
They provide benchmarks for improving GPM light precipitation amdw productsand they
have been used byIODIS, VIIRS, and GOES dvanced Baseline Imager B4 teams for
validating andimproving cloud property retrievals. CloudSat data asedin operational
applications to quantify model errors and improve NWP rsodRecent collaborations withe
European Center for MediuRange Weather ForecastEGQMWF) have demonstrated
improvements in NWP predictive skdlthrough direct assimilation of CloudSat data. Thus, the
CloudSat mission is highly relevant to the NASA BMscience Plan, 2017 Decadal Survey
objectives, and theoR Until the anticipated launch of EarthCARE in R¥22, CloudSaprofile
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measurements afoud water and icand precipitation water and snow have unique characteristics
in the PoR, and mission @xtsion would assurerosscalibration of the two missions. Other
benefits of extending CloudSat includaimtaining continued synergy with CALIPSO in the new
C-Train orbit to provide cdocated observations of clouds, precipitation, and aerosdlse
extension of the data recotd enabeé further research toward amderstanding of cloud and
precipitation processes in the context of climate variability.

The Senior RevievdciencePanel unanimously finds in support of CloudSat extefsion
FY 20212023 with the overguide budget. Panelists agreed that overlap with EarthCARE for
crosscalibration efforts and extension of unique precipitation and snow products were important
in FY 20242026, butthey could not agregvhether continuation should be at tleguested level
given the maturity of the algorithms.

CYGNSS

The Cyclone Global Navigation Satellite Syst€¢@YGNSS wasinitially proposed as an
Earth Venture (EV) mission and is undergoitsgfirst Senior Rview in 2020. CYGNSS consists
of a consthation of low-cost GNSS sensors on eight misatellites that measures the forward
scattering of GPS satellite signals from the surface. Each satellite records the delay Doppler maps
(DDMs) from each of the intersections with the GPS constellationsudk, the measurements
have aunique sampling geometrand the deployment of the sensors is such that a given region
may experience several retrievals in a short period for studying ragidlying phenomena (such
as tropical cyclone rapid intensificatip The current health of the constellation of instruments is
good, especially considering the lmw@st nature of the sensors. The team has beenradéaling
with unexpected GPS signal variabilignd the level of engineering automation of the haugdli
of instrument anomalies is statéthe-art. The team continues to develop new versions of
algorithms that reduce uncertainties in the ocean wind products. The current proposal expands
retrievals of land surface characteristiemd the team is to beommended for thglan for
validating these new measurements with new in situ measurements of soil moisture and land
surface coherence properties.

The Senior RevievciencePanel unanimously finds in support of CYGNSS extension in
FY 20212023 and FY2024-2026 with the oveguide budget.

DSCOVR

Launched on 11 February 2016e Deep Space Climate ObservatgSCOVR now
flies on the Lissajous orbit about 1.9%h from Earthat the SurEarth first Lagrange (L1) point.
As a joint mission betweddOAA, NASA, and the U.S. Air Force, DSCOVR carries two NASA
Earth science instruments: the Earth Polychromatic Imaging Camera (EPIC) and the NIST
Advanced Radiometer (NISTAR). Sinbeginning operationsn 15 June 2015, the data stream
from EPIC and NISTARhas been stable and nearly continuous except from lateod @049 to

I While in the final stages of publishing the present report, CloudSat suffered possible failure of one of the

reaction wheels and is operating in safe modée possibility of this significant anomaly whagghlighted

in the technical ri sk panel report (Appendix B) and i
CloudSat team is investigating the possibility of operating with the two ré@ma#action wheels
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early March of 202(because ofa DSCOVR pointing hardware issueow resolved EPIC,
NISTAR, and DSCOVR will be in nominal function for the next years. Being parked #te

L1 point, DSCOVR provides a new and unique vantage point for observing the full, sunlit disk of
Earth multiple times a day, at a nearly constant {saeittering angular perspective (e.g., viewing
from a scattering angle of 165°178° relative tothe direct suntmam). EPIC measures back
scattered radiation aen wavelengths ranging from ultraviolet (UV) to solar nedrared,
enabling the retrieval of diurnal variations of @mount, clouds, aerosols, volcanic:3umes,
vegetationandsurface phenology, andiace UV radiation over the sunlit portion of Earth every

1-2 hours. NISTAR measures the radiances from the Earth in four spectral ranges (shortwave,
longwave,near nf r ared, and all spectrums), thereby
overtime at hourly resolution. These data provide new temporally continuous global information
that supplements the existing climate data record primarily from satellles earth orbit LEO)

orbit. Research in the pdaste years has revealed critical nteand potential of these data for
scientific discoveries and applications in areas such as atmospheric composition, climate,
ecosystemand ecol ogy. Wi th observations at mul ti
color images have also beenrextelypopular, providing an unprecedented view of Earth for the
public andanoutreach opportunity to emphasize thayility of our planet. The EPIC Levdl and

Level2 data have reached maturity, and NISTAR data is on the right trajectaghieve its
expected precision

The Senior RevievisciencePanel unanimously finds in support BECOVR extension
with in-guide budget for the FY 20223 and FY 20246 periods.

ECOSTRESS

The ECOsystem Spaceborne Thermal Radiometer Experiment on Sp@ten
(ECOSTRESPmakesmultispectral thermal infrared (TIRpWeasurementsom the International
Space Stationl$S)from 52°N to 52°Sat high spatiotemporal resolution (38 x 69, every few
days adifferent times of the day. ECOSTRESS products oheland surface temperature (LST),
and model derivedvapotranspiration (ET), evaporative stress factor, and water use efficiency
(WUE). ECOSTRESS is the first mission to sample the diurnal cyckstohatedET at fine
spatial resolutionsalbeit over seeral sequential dayst potentially can play arucial role in
understanding carbon cycle feedbacks to water cycle variability and societal applications
including drought monitoring, agricultyreurban heatislands fire management, disease
transmission and ecosystem habitat. Currently, these anallisgs been applied to selected
regions However, thewill be applied to the entire global land surface between 52° N and 52° S.
ECOSTRESS also provides critical pathfinding data for the future Surface Biology and Geology
(SBG) Designated Observabl@®O) recommended bihe 2017 Decadal Survey. ECOSTRESS
is undergoing its first Senior Review and is expected to continue collecting data for the next 3+
years. It has expanded data collection capability over the entire land surface, coastal regions, and
some open ocean areas within 52°N to 52°Sisadquiring2.5 times as many scenes per day as
originally planned. Currently, only three of the five TIR spectral bands are downlinked, but this
will be resolved with a new firmware update.

The Senior ReviewciencePanel unanimously finds in support of ECOSTRESSIesion
with overguide budgetwhich sustains operatiof@ the FY 202123 and FY 20246 periods.
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GPM

Launched in 2014he Global Precipitation Measurement (GPM) mission produces a suite
of unique precipitatioomeasurementthat are widely used iresearch, operations, and broader
applicationsThe GPM Core Observatory (GRBIO) satellite carries the onprecipitation radar
(Dualkfrequency Precipitation Radahat can measure heavy precipitateord the best calibrated
conically-scanning microwaveadiometer (GPM Microwave Imager) in space. GER is an
advanced successor to the Tropical Rainfall Measurement Mission (TRMM), providing improved
detection of light precipitation (rain and falling snow) and having a greater latitiadinatage
(65°N to &°S). The GPMCO provides the reference standard to umifgrowaveradiometer data
from a constellation of 11 partner satellites (including international partner missions) to generate
global precipitation estimates with high temporal (30 misjuéand spaal (10 km) resolution.
These data have been bawocessed to the year 2000 using TRMM measurements, providing a
20-year, highquality precipitation data record, which will continue forward with an extended
mission. GPM has achieved <bun latency for nar-reattime applications, including weather
forecasting, agricultural forecasting, and resource management. With an extended mission,
Version 07 data products will be developed through GPM Ground Validation efforts and extensive
modeling studiesAdditionally, GPM science enabled by extended operations includes research
on precipitation microphysical properties, global precipitation patterns, the water cycle, water
resources, precipitation extremes, weather, and climate. The@Psnd its instruments ane
excellent shape, and the satellite has enough fuel to last until ~@0@4all, GPM is an
unparalleled effort that provides tremendous value to science and society and is well justified for
the requested mission extension

The Senior Review Panel unanimously finds in support of GPM extension for FY 2021
2023 and FY 2022026 with the oveguide budgetThe augmented budgetqueswill fund the
replacement of the grourzhsed Precipitation Processing System, which is rejbmedware for
processing and distributing the GPM produaed whose failures would cause unacceptable
delays in data delivery to operational partners

LIS on ISS

The Lightning Imaging Sensor (LIS) is a total (i.e., inttaud and cloudo-ground)
lightning detection instrumethatwas launched to the ISS on 19 February 2017 and has collected
3+ years of lightning dat&IS is the identical spare instrument that was buik backup forthe
TRMM satellite (19972014). US heritage comes from the Optical Transient Detector (OTD),
aboard the MicroLald satellite (199582000), the prototype design for the LIS concept. All three
missions together, OTD, TRMM LIS and LIS on IS&ve provided globalscale lightning
detection fo over 24 years nowlhe combined data set of these missions is unlgpeause it is
the only longterm and globascale total lightning data with steady and verified detection
efficiency. This arrangement is contrastto groundbased networks that deteglobally only
cloudto-ground lightning with extremely variable detection efficiency (because of instrument
technology improvements arah increasing number of sensors deployeer the years)This
assured quality of the data makes LIS on ISS theeweder instrument for validation and cross
calibration of the new geostationary lightning detector instrumesfgcially GOEQ6 and 17
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Geostationary Lightning Mapper (GLMY.he LIS instrument is in excellent healtiVith an
extended mission, in combinatiavith OTD and TRMM, LIS on ISS will approach the-$@ar

mark for data record suitable for climate change studies and will continue with its outstanding
contribution with the Cal/Val activities of GOHS series satellites. It will also continue to
contribute with international partners, such as the extensive use of LIS on ISS data to create useful
proxy data to optimize the design and development of the European Meteosat Third Generation
(MTG) Lightning Imager (LI).

The Senior Revievcience Pandindsin support of LIS on ISS with ovaguide budget,
which sustains operations in FY 202023 and FY 2022026.

0OCO-2

TheOrbiting Carbon Observatot®(OCO-2) operates moderatgesolution spectrometer
to measure the spectra of scattered galdiation in three bands in the neairared and infrared
since its launch in July 20140, column abundancéXCOz) and solar-induced chlorophyll
fluorescencdSIF) are the main productébsorption by molecular oxygen at 0.765xand CQ
in weak and song absorption bands at 1.61adand 2.06 d&enable the detection of the GO
column abundance (XC{) Measurements are made along a ~10km wide track in 8 contiguous
footprints that have areas of <G4 , with two soundings per secon8IF is quanified in the Q
A-band channeMeasurements are made in a 1:30 pmsurchronous orbit in a 1@ay repeat
cycle. The OCQ2 mission is continuing to provide the highest precision and highest accuracy
atmospheric C® mole fraction observations of any spdxsed mission currently in orbit.
Updates to the retrieval algorith(ourrently in V10)are continuing to improve the quality of
available data. The scientific impact of the available observations is continuing to increase as the
data maturity and the ped of record increase. The instrument continues to function effectively
and is likely to do so for the next several years.

The Senior Review Science Panel finds in support of the -Q@Rtension with the
requested budget (ovguide in FY 202120123 and irguide in FY 20242026).The augmented
budget for the F\2021-2023 periodvill allow for further refinement of the data hacts through
an update of the instrument calibration, the gas absorption coefficients, and the retrieval algorithm,
thereby further increasing the scientific utility of the data.

SAGE I

TheStratospheric Aerosol and Gas Experimen{3WMGEIIl) instrument oSS drave on
the several decadésng heritage of previous SAGE @ndll and Ill/Meteor) solar occultation
measurementsAs a resultjt provides an extension of lonterm data records, particularly for
stratospheric ozone and aerosol extotiThe team has conducted a comprehensiner
characterizatiorof SAGE Ill products specific to operations on ISS necessary to improve the
science readiness of SAGIEdata. As the data become stable and data usage increases, they will
contribute not oly to the advancement of knowledge of atmospheric chemistry and dynamics but
also to important statutory (Clean Air Act) and scientific (World Meteorological Organization
guadrennial ozone assessment) activities that inform domestic and internatiocyal fpalure
application of SAGE Ill dataan potentially includéhe study of wildfire and volcanic eruption
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emissions to the upper troposphere and lower stratosphere, where their effelitsata are
understood poorlyThe SAGE Il instrument is healtland anticipated to continue returning high
guality science datadespite occasional ISS mission interruptiofiem its location on the
International Space Station for the next several years.

TheSenior Review Science Panel finds in support of SAGExtension with the kguide
budgetfor the FY 202123 and FY 20246 periods.

SMAP

The Soil Moisture Active/PassivéSMAP) missionwas launched in early 2015 with two
instruments onboard: a radar and aBdnd radiometer. The radar stopped operating in the same
year, and the radiometer has been operating alone since then. The loss of the radar affected the
spatial resolution of SMR products. Otherwisesoil moisture, vegetation optical deptmd
freezethaw products(all unique to the BR) are available globally. These data sets have been
used to advance wateycle and coupled watearbon cycles science and for many societal
applications. In particular, SMAP soil moisture products are used operationally at the National
Drought Mitigation Center, and the US Air Force Weather Agency is working toward data
assimilation of SMAPsoil moisture information into thewperational wedter forecasts. The
Senior Review proposal includes the development of seawvsurface salinitgroducts andhew
soil moisture products with enhanced spatial resolution through a partnership with the planned
NISAR mission Further, SMAP extension enhascie possibility of continuous -band
radiometric observations of the Earth's land surface for more than 20 years, taking into account
previous observations made by the European Space Agency's Soil Moisture Ocean Salinity
(SMOS) mission since 2010 and eotially by observations from th&SA's Conical Imaging
Microwave Radiometer (CIMR) higpriority candidate missian

The Senior Review Science Panel finds in support of SMAP extension witlgoider
budgets for FY 2022023 and FY 2022026. The oveguide augmentation request isujpdate
the Science Data System (SDS) to prevent possible data delays, and to incorporate SMAP near
reattime observations into NASA's Land Atmosphere Near-ties# Capability for EOS
(LANCE) systemso they are more regylavailable to other users

Terra

Terra has performed for more than 20 years as the flagship of the EOS era with a suite of
five complementary sensors that have each generigédnd outstanding records of observations
and multiple, welldocumented data products used widely by the siienommunity worldwide
and in diverse applicaths and operational settings tmyltiple governmental agenciesT er r a 6 s
data sets are unique contributions to PoR, givearigue morning descending arbierrds orbit
will change in 2022 as it will begin adjusting toward its disposal oktif] crossingswill drift
from 10:30 AM to 9 AM by 2025. These orbit changes will require modifying the retrieval
algorithms and will cause uncertainties to increase to varying degreédODIS and CERES
products. However, observations at different times of day will also provide opportunities for new
science.
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The Senior Review Science Panel finds thatbenefits of mission extensitimough 2022
and possible extension througb2baremanifold. Ter r a6s many pr od iuet s he
for most of the applied a@hoperational uses on which agencies currently sggcificallyMODIS
products and for the PoR. Givethe good health of the Terra spacecraft and its instrig et
confidence is high that quality data will continue to be produced until orbit lowering begins in
2022. The Senior Review Science Panel unanimously supports Terra's extension in-292821
and FY 20242026 with the proposed ovguide budget. Clas monitoring of data quality and
utility is warranted as the MLT crossings drift beyond 15utes as discussed in the Overall
Comments Section.
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APPENDIX 1
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Introduction
The 2020 National Interests Panel assessed the contributions of the core data products of the 13
missions under review to national objectives by assigning a utility value to each product or group
of products.

Overall, this panel conveys to the Earth Science Division (ESD) and the Science Panel the value

of the data sets for fapplied an-dnclaipgr ati on a
operational uses, public services, business and ecomnses, military operations, government
management, policy making, nongovernment al (o

represents all users of the data for primarily-nesearch purposes.

The following organizations were representedienpanel: the National Oceanic and
Atmospheric Administration (NOAA)/National Weather Service (NWS); NOAA/National Ocean
Service (NOS) ; the Federal Aviation Administration (FAA); the US Department of Agriculture
(USDA); the US Army Corps of EngineersQBCE); the Environmental Protection Agency
(EPA); the Department of the Interior/US Geological Survey (USGS); the Department of the
Interior/National Park Service (NPS); the National Geosphttalligence Agency (NGA); the
Centers for Disease Control aRdevention (CDC); the Institute for Global Environmental
Strategies (IGES); Microsoft; and Conservation International (Cl).

The panel met for preliminary deliberations on April 28, 2020, and then convened for final
deliberations on July-8, 2020. Bdt meetings were held virtually.

Pre-panel Activities
Each organization represented on the paneapsessed three primary factors and one overall
rating for each mission during March/April 2020. The assessed factors included:

1) Value: Overall valueof the data products to the range of applied and operational uses
within the organization. Value for those times the data is used, independent of frequency
of use, latency of receipt, etc. Value was qualitatively assessed as high, medium, or low.

2) _Freqiency of Use:Frequency the organization currently uses the data products in the
range of applied and operational applications. Frequency of use was qualitatively
assessed as routine, occasional, rarely, or never.

3) _Latency: Current timeliness in which éhorganization accesses and/or receives delivery
of the data products to meet the range of applied and operational uses. Latency was
gualitatively assessed as near real time, within one to two days, weekly/monthly, or
archival.

4) Overall rating: Utility:Overall utility of mission and data products to national interests.
Overall utility was qualitatively assessed as very high, high, some, or not applicable.

At preliminary deliberations on April 28, the panel determined any questions to forward to
mission tams via the Science Panel. Each mission team answered these questions during the
full Science Panel in July 2020.
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Panel Activities

Following the preassessments, the organization representatives met in a formal panel session
over two days in July 202Muring this panel, 30 minutes of discussion time were allocated for
each mission; however, 60 minutes were allocated for the flagship missions of Terra, Aqua, and
Aura.

At the start of each discussion, an assigned Primary Reviewer introduced the nmddigsileer
organi zationds r at i-panglsassessmeitsd andoatinggaweie avaitakbledon s 6
review by the panel. A rourdble panel discussion then commenced. By the end of each
discussion, the panel reached agreement on an over&yl rating for the mission and/or sensor.

Following discussions of all the missions, each organization separately ranked each mission
guantitatively according to its pepainel view ohational interests. Each representative was
asked to assign 13 posnto the mission of highest priority and one point to the mission of lowest
priority.

The Primary Reviewers then prepared panel summaries for each mission.

Panel Overall Summary
The following table summarizes the qualitative utility ratidgsermined by the panel:

NASA 2020 Earth Science Senior Review
National Interests Panel

Rating Definition Missions

These missions have one or more very relevant and high
valued data products which are routinely used by omeare

V(ﬂ%’":;;gh of the participating organizations for important activities. Aqua, Terra
Loss of the data product(s) would have a significant nega
impact on national on national agencies and organization
These missions have one or more gataducts which are
routinely used by one or more of the participating Aura, CALIPSO,
High Utility organizations for their activities. Loss of the data product(( CYGNSS, ECOSTRESS
would have a measurable negative impact on national GPM, SACGE lll, SMAP
agencies and organizations.
These missions have one or more data products which af
Some Utility used by one or more of the participating organizations. Ld CloudSat, DSCOVR, LIS

of the data product(s) would have a small but measurablg on ISS, OCQ2
negative impact on national agencies arghnizations.

These missions had no identified or significant applied or
operational utility to the participating organizations. Loss
the data product(s) would have nonegligible negative
impact on national agencies and organizations.

Not Applicable
(aka, Minor /
Negligible)

None
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The following chart summarizes the quant.
view of national interests. A higher score indicates greater utility.
Military /
Civil Agencies Intelligence NGO
Community
Mission A B C D E F G H J K L M N Overall Scort
'\:\f\)NA;\ NNOC';\S'L\ FAA USDA | USGS| CDC EPA NPS | USACE| NGA Cl | Microsoft IGES
DSCOVRES| 4 1 4 1 8 3 1 5 1 2 4 3 1 38
SAGE Il 2 2 1 2 2 1 3 10 3 4 2 1 5 38
0CO-2 1 4 3 8 3 4 2 8 2 5 7 5 4 56
LISon ISS 8 3 8 3 1 7 7 7 5 1 8 4 3 65
CloudSat 6 5 10 5 4 6 5 6 7 3 5 7 2 71
CALIPSO 7 8 9 6 9 8 11 1 6 8 1 8 6 88
CYGNSS 5 7 5 9 7 5 9 2 9 11 6 6 7 88
ECOSTRESS 3 6 2 10 11 2 4 9 8 6 10 9 8 88
Aura 11 11 6 4 10 11 10 4 10 10 3 2 10 102
GPM 10 10 13 7 5 9 6 3 4 9 11 10 11 108
SMAP 9 9 7 11 6 10 8 11 11 7 9 11 9 118
Aqua 13 13 12 12 12 12 12 13 12 12 12 13 12 160
Terra 12 12 11 13 13 13 13 12 13 13 13 12 13 163
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A detailed chart presenting each organizat

- Civil Agencies M""a(’:’(’)"n ';’s:;ge"ce NGO
Mission / Overall ty
Sensor Rating
Nore | e FAA USDA UsGs coc EPA NPS USACE NGA cl Microsoft |  IGES
A Very High Very High Very High Very High Very High Very High Very High Very High Very High Very High Very High I — Very High Very High
qua Utilty Utility Utility Utilty Utilty Utilty Utility Utility Utilty Utilty Utility L9y Utilty Utilty
High Very High High Not Not . . Not Not Not " Not Not -
AIRS Utilty Utility Utility Applicable Applicable Some Utiity | S Applicable Applicable Applicable S Uiy Applicable Applicable Suiit il
Some Not Very High Not Not - " " - Not Not . Not Not .
CERES Utilty Applicable Utility Applicable Applicable Some Utility. | SomeUtiity " [ GHIY Applicable Applicable Some Lty Applicable Applicable SomelLilty,
Mopis | Vvewrian | vewrign | veryrigh [ veryrigh [ Ve High Very High Very High Very High Very High Very High veryHigh | puoh Ui Very High Very High
Uity Uity Uity Uity Uity Uity Uilty Uilty Uity Uity Uilty gh Uity Uity Uity
High Very High Not Not Not . Very High o Not Very High . Not Not T
Aura Utilty Utility Applicable | Applicable Applicable HighlUtiiy Utility gty Applicable Utility HigniUtity Applicable Applicable HioblUtilty
Some Not Not Not Not " ) Not Not " Not Not Not
MLS Utilty Applicable | Applicable | Applicable Applicable SomelLItityAS|ES SomelUtlty Applicable Applicable Some Lty Applicable Applicable Applicable
VeryHigh | Very High Not Not Not Very High Very High o Not Very High Not Not i
omi Uity Utilty Applicable | Applicable | Applicable Uity Utilty e Uiy Applicable Utilty Applicable Applicable T Uy
High Some Not High Not - " Not Not " Not " " "
CALIPSO Uity Utilty Applicable Uity Applicable (g nUIsy Some Uity (SR Applicable Applicable (il Uiy Applicable [l Uity (i Uity
Some Some Not High Not Not Not Not Not L
CloudSat Utiity Utilty Applicable Uity Applicable | SOME VY | Appicable Applicable | SOVl ppicaple | Some Uty | s biicable (i Uiisy S Uy
High Not Not Not Very High Not Not Not Very High Very High Not » o
CYGNSS Utilty Applicable | Applicable | Applicable Utilty e Ly Applicable Applicable Applicable Utility Utility Applicable [l Uity (i Uity
Some Not Not Not Not " Not Not Not Not ) Not Not Not
DSCOVR Utility Applicable | Applicable | Applicable Applicable Some Utility Applicable Applicable Applicable Applicable Some Utilty. Applicable Applicable Applicable
Some Not Not Not Not " Not Not Not Not ) Not Not Not
EPIC Utility Applicable | Applicable | Applicable Applicable Some Utility Applicable Applicable Applicable Applicable Some Utilty. Applicable Applicable Applicable
Some Not Not Not Not " Not Not Not Not ) Not Not Not
NISTAR Utility Applicable | Applicable | Applicable Applicable Some Utility Applicable Applicable Applicable Applicable Some Utlty. Applicable Applicable Applicable
High Not Not Not p Very High Not Not " Very High o ) Very High Very High
ECOSTRESS Uity Applicable | Applicable | Applicable [ Mg Uity Uity Applicable Applicable [ Some tiity Uity AU SomeUtily, Uity Uity
High High Very High Very High Not Not Not Not . . Very High o
GPM Uity Utilty Utilty Uity Applicable | Seme Uil | Some Utiity | 5 icapie Applicable Applicable (il Uiy (il Uiy Utiity (i Uity
Some Some Not Some Not Not Not
LIS on ISS Utilty Utilty Applicable Utilty Applicable Some Utility Some Utlity Some Utlity Applicable Applicable Some Utility SomeUtility Some Utility Some Utility
Some Not Not Not Not Not Not Not " Not
0COo-2 Utilty Applicable | Applicable | Applicable Applicable e Ly Applicable Applicable e Ly Applicable (il Uiy Applicable SompUily || Some Uy
High Not Not Not Not " Not Not Very High Not ) Not Not e
SAGE Il Utilty Applicable | Applicable | Applicable Applicable Some Utility Applicable Applicable Utilty Applicable Some Utility Applicable Applicable High Utilty
High High High Some Very High e Not e Very High o ) Very High .
SMAP it i i i T High Uty | Some vty |, N | High iy T High Utilty | Some Uity T High Uity
Terr VeryHigh | VeryHigh | VeryHigh | VeryHigh | VeryHigh Very High Very High Very High Very High Very High very Hin [ iy Very High Very High
erra Uilty Uity Uity Uilty Uilty Uilty Uity Uity Uilty Uilty Uity il Uilty Uilty
High Not Not Some " Very High Not Very High Very High Not o
ASTER Uity Applicable | Applicable Utiity (Il iy Uity Some Utiity | plicaple | Seme Utilty Uity Utilty Some Utiity | A jicable (il Wiy
Some Not Not Not Not . Not Not Not
CERES Utilty Applicable | Applicable | Applicable Applicable Same Utility | = Some Uity [ S SmmzLily Applicable Sy Applicable Applicable Same Uil
Some Not Not Not Not . Not Not Not Not Not
MISR Utilty Applicable | Applicable | Applicable Applicable Same Utility. [ SIS Applicable Applicable Applicable Sy Applicable Applicable Same Uil
MODIS Very High VeryHigh | VeryHigh | Very High Very High Very High Very High Very High Very High Very High Very High — Very High Very High
Uilty Uity Uity Uilty Uity Uity Uility Uility Uity Uity Uity Py Uity Uity
Some Not Not Not Not . Not Not " Not Not
MOPITT Uity Applicable | Applicable | Applicable | Applicable | Some Utlity | Some Utiiy | High Utiity Applicable Applicable (g WLy Applicable Applicable | S°me Uity

PANEL SUMMARIES OF EACH MISSION

Terra (Very High Utility)

The panel easily reached a consensus rating of very high utility, primarily due to the great
practical utility of Moderate Resolution Imaging Spectroradiometer (MODIS) for a wide range
of applications. The value of other sensors, particularly the Advémaceborne Thermal
Emission and Reflection Radiometer (ASTER), added to utility ratisgs included:

1) USACE uses ASTER data to validate MODIS derived land cover and fire. The USGS
Mineral Resources Program uses ASTER data to map aftenedals and volcanic
hazards. NGA uses ASTER data for mineral analyses.

2) CDC noted that Multangle Imaging Spectroradiometer (MISR) data provide a large
database of wildfire smoke and aerosol plume heights, which are useful in determining
the spatial exdnt of aerosol emissions.

3) Clouds and the Earth s Radiant Energy System (CERES) value was noted for general
climate applications and assimilation in global weather forecast models, similar to Aqua.
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4)

5)

MODIS supports diverse atmospheric, oceanic, and teriempptications. EPA uses

MODIS for aerosols (as does CDC) and change detection algorithms, including
production of daily surfaces of nationwide Particulate Matter (PM) 2.5 (AirNow).
NOAA/NOS and NWS state that MODIS is the primary data source for saaabgsis.

USDA uses MODIS in monitoring fire growth, hot spots, and new fire detection.

MODIS data is also used to support numerous decision support tools, such as Smatrtfire.
NGA uses MODIS data to address environmental and agricultural issues, cgmmonl
through Normalized Difference Vegetation Index (NDVI) products.

CDC uses Measurement Of Pollution In The Troposphere (MOPITT) data for carbon
monoxide (CO) profiles in major cities and letegm CO trends. NGA is using
MOPITT data to observe changed@ profiles due to coronavirus disease 2019
(COVID-19) mitigation efforts.

Aqua (Very High Utility)

Again, the panel easily reached a consensus of very high utility. This is due to use by all groups
represented on the panel and covering a broad spectrmerdisciplinary areas. Loss of data

from Aqua would have a significant negative impact on all organizations in the panel.
Widespread use of MODIS alone ensured the highest ratses included:

1)

2)

3)

The importance and utility of Atmospheric Infraredu8der (AIRS)/Advanced

Microwave Sounding Unit (AMSU) data was widely noted. Profiles are assimilated in
NOAA numerical weather prediction (NWP) models and AIRS data are considered one
of their most critical NASA data set€DC noted use of key trace atsmheric

constituent data in environmental health applications.

MODIS supports diverse atmospheric, oceanic, and terrestrial applications. NDVI

products are used BYSGSin the Famine Early Warning Systems Network (FEWS

NET) to monitor drought conditiondMODIS data remain the most widely and broadly

used data set INOAA. MODIS images have become one of the primary data sources

for their ice analysesNGA uses MODIS Snow Cover products, supplied by the US Air

Force, in support of military operations@e nt r al Commandds ( CENTC
Responsibility (AR).USDA uses MODIS products to monitor global croplands for food
security, cropland water use assessments, drought studies, and other natural resources
assessments.

CERES value for general climaeplications and global weather forecast models was
noted, similar to Terra.

SMAP (High Utility)

Soil Moisture Active/Passive (SMAP) serves the community well in forecasting flash floods in
agricultural watersheds, parameterizing the strength of theoredhtp between surface soill

moisture and evapotranspiration with land surface models, monitoring the extent and severity of
global agricultural drought, closing the terrestrial water balance over mextiaim agricultural
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basins, and effectively monitogrcropland evapotranspiration. The mission was rated very
positively, despite the limiting factor of losing the Active part of the mission. Uses included:

1) NOAA National Environmental Satellite, Data and Information Service (NESDIS)
ingests SMAP radiometelata into the Soil Moisture Operational Product System
(SMOPS) to provide the best available satellite global soil moisture data products for
NWS NWP and other uses. TN®AA Climate Prediction Center (CPC) uses SMAP
data operationally to determine wheairought areas exist, and where drought conditions
are improving or getting worse.

2) USDA noted that SMAP data are assimilated into a soil water balance model to improve
ability to globallytrack soil water availability and anomalies within tbetzone. These
root-zone assessments are then provided to regional crop assessment analysts who
include them in regional crop yield models worldwide. SMAP data products are
assimilated to i mprove the Nati oaraibnalAgr i c
weekly Crop Progress and Condition Report, which has over 13,000 weekly subscribers.

3) Microsoftuses SMAP data in soil moisture prediction modeling, particularly in data
sparse regions. Data has been used successfully for cropngdidtion and harvest
timing.

The panel praised the SMAP Early Adopter program as an effective model for operational
agencies to dedicate resources to prepare earlier for missions that potentially benefit their
monitoring programs. The Early Adopter gram focused Agency mission activities and
resources to prepare for the operational tyese mission, thereby creating mission awareness,
preparedness, and enabling research and monitoring actions at an earlier than normal rate.
Private sector organizahs echoed the value of this program.

GPM (High Utility)

Global Precipitation Measurement (GPM) is the advanced successor to the Tropical Rainfall
Measuring Mission (TRMM), with higher frequency channels added to both thefiegakncy
Precipitation Rdar (DPR) and the GPM Microwave Imager (GMI), providing capabilities to
sense light rain and falling snow. The mission unifies the data from a constellation of 10 partner
sensors to generate the global rgameration merged precipitation estimates. &laee

widespread applications in precipitation structure and intensity; tropical cyclone observations;
hazard assessment for floods, landslides, and droughts; inputs to improve weather and climate
models; and insights into agricultural productivity, famiaed public healthUses included:

1) NGA uses GPM data for baseline mapping for predictive hydrologic analyses, including
food security risk assessments.

2) NOAA uses GPM data for operational tropical cyclone analysis and forecast applications,

including center location and identification and structural analysis, as well as the
identification of eyewall formation and eyewall replacement cycles.
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3)

4)

FAA noted GPM as its most important NASA mission. Research partners use the dual
band radar as an independentdsdt in a comparison of groubdsed radar mosaics, in

the evaluation of a raddike diagnostics, and as a truth set for evaluations of global
convective forecast products. Data are also being evaluated for turbulence case studies.

Cl uses GPM data itheir FireCast Program (daily products reporting fires and fire risk
trends) and in their Freshwater Health Index, where data are used to drive hydrological
models and provide background information for target watersheds.

Aura (High Utility)

Aura data ag useful for improving our understanding for how various molecular species
contribute to changes in the atmosphere and to atmospheric forcing. In recognition of this fact,
and the widespread operational benefits from the mission, the panel rated thef Yaikie

mission as high. Ozone Monitoring Instrument (OMI) observations appeared to be the most
utilized. Uses included:

1)

2)

3)

4)

5)

6)

NOAA is using OMI in a near real time (NRT) mode to calculate total column ozone,
which is currently assimilated into the Natio@#nters for Environmental Prediction
(NCEP) Global Forecast System.

The USGS Volcano Hazards programs uses OMI NRT data for eruption detection,
forecasting, and eruption modeling.

CDC has partnered with researchers at Emory University and the University of Nebraska
to conduct a health study exploring associations between UV exposures (derived from
OMI) and melanoma. Courrevel ultraviolet (UV) data from OMI are now available on

the CDC Environmental Public Health Tracking Network (EPHTN) for environmental
health end users and researchers.

OMI NRT SOG and Aerosol Index (Al) data are integrated into the decision support
system at the NOAA NESDIS Washington Volcanic Ash Advisory Center (VAAC).

EPA uses OMI data for assessment of pollutants and the input is assimilated into other
climate models. OMI N@and SQ data have been highlighted in the EPA annual Air
Quality Trends Report. OMI HCHO data are also used by EPA to estimate and map
cancer risks from formaldehyde.

NGA uses Microwave Limb Sounder (MLS) to monitor atmospheric conditions that may
impact image acquisition. Other parameters (e.g., CO a®)l d&n be used as proxies of
industrial and urban activity.

ECOSTRESS (High Utility)
ECOSTRESS was delivered to the International Space Station (ISS) in 2018 agearone
mission with targeted tegstrial land mapping areas. Currently, it is the only sensor that provides
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thermal infrared (TIR) data of sufficient spatial, temporal and spectral resolution to reliably
estimate evapotranspiration (ET) at local to global scales over the diurnal Tielpanel found
the pathfinder mission to be of high utility and high interest, particularly notable for a young
mission. Some of the applications reported by the panel include monitoring of agriculture,
water, snow and mineral resources, and mappingnof $urface temperature and emissivity.
Uses included:

1) Microsoft uses the data in agricultural applications, including crop harvest
prediction/modeling, especially when combined with other observed data such as soil
moisture, air temperature, and pretagon.

2) USACEuses ECOSTRESS data for supplementary land cover and ecosystem
information related to military planning, mapping, and modeling.

3) USDA uses the data for evapotranspiration, drought stress in Ponderosa pine conifers,
tree plot estimation, wateesources, and in algorithm development work towards the
next Landsat mission.

4) USGSnoted that ECOSTRESS data are specifically used in the mineral mapping, land
surface temperature, land cover, hydrological modeling, glaciology, fire, volcanic science
and operation programs, as well as in Landsat Next sensor algorithm development tasks.

The panel encouraged that the firmware update be completed as soon as possible in order to
enable downlink of all five TIR bands.

CYGNSS (High Utility)

Cyclone Global Navigation Satellite System (CYGNSS) is the first mission to routinely take
GNSSReflectometry (GNS®R) measurements over the global tropics, the first NASA mission
to employ a constellation of small (micro) satellites, and the first missiose differential drag
maneuvers to maintain constellation spacing. CYGNSS fills a critical need for observations of
ocean surface winds over global tropical oceans with revisit frequency high enough to observe
the tropical cyclone (TC) rapid intensifiton process. The panel rated CYGNSS as high utility,
primarily based on novel applications of the data, including for soil moisture retrievals and
ionospheric modeling.

1) NGA is using the data in maturing ionospheric modeling capabilities for improved Over
the Horizon Radar performance as a possible source of geospatial intelligence.

2) ForUSACE,CYGNSS provides a signal of opportunity soil moisture downscaling
verification sgnal that provides much higher resolution soil moisture nodules. CYGNSS
fills in the missing critical function of validating high resolution soil moisture algorithms
via remote sensing, a function which is unable to be performed in denied areas. Itis a
critical part of the soil moisture system of sensors when calculating mobility models from
observation, as opposed to modeling.
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3) CYGNSS data are used witHifSDA for the purposes of providing water quantity (soll
moisture) estimates at the near surfackane being developed and integrated into large
scale monitoring estimates including the National Soil Moisture Network. The data are
currently in development for a soil moisture product which would be on par with
Advanced Microwave Scanning RadiometdARISR2), AMSRE, or Soil Moisture and
Ocean Salinity (SMOS).

CALIPSO (High Utility)

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) data products

are produced routinely, archived, and made available to researchers worltheidghtdata

centers in the United States and France. Several agencies ranked CALIPSO as high utility, while
others said it had only some utility for their community. Many organizations are using CALIPSO
data for operational and verification purposes. TWexall rating of high utility is given due to

the importance of the aerosol data in operations and verificdtleas included:

1) FAA stated that CALIPSO data are one of the primary sources used for evaluating the
quality of icing forecast products. Wheambined with CloudSat profiles, the resulting
data have provided accurate retrievals of column aerosol optical depth and cloud ice
water content. Additionally, the data are important for volcanic ash plume detection and
plume dispersion prediction.

2) EPA has integrated CALIPSO data into the Community Msitiale Air Quality
(CMAQ), a key component of EPAOGs deci si on
domestically and also in meeting US international obligations.

3) CDC works with EPA to develop statisdil data fusion approaches to model air quality,
which use statiofbased measurements and predictions from the CMAQ model. In some
instances, CALIPSO aerosol measurements are being used as a reference to evaluate the
performance of CMAQ.

4) NOAA utilizes daa for cloud top height, cloud typing, and volcanic ash detection. Itis
also used for NWP model validation.

SAGE Il (High Utility)

Stratospheric Aerosol and Gas Experiment 11l (SAGE I1ll) was delivered to the ISS to extend the
collection of observationsf the vertical structure of aerosols and trace gases in the stratosphere
and upper troposphere for development of high precision anerésgiution data products
supporting climate research. While only four organizations noted use of SAGE Il data, the
importance of the data to climate applications and continuity of the data record led the panel to
concur on high utility. Uses included:

1) NPShnoted that SAGE 111 data are critical t
on climate change.
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2) USGShighlighted the utility of SAGE llI for volcanic research and monitoring programs.
3) NGA noted value in monitoring of industry at regional ssale

4) IGESstated the importance to partners of SAGE lll for continuity in the data record.

CloudSat (Some Utility)

CloudSat is the only source for combined vertical profiles of global cloud liquid content/ice.
Operationally, it is used as an indeperdurce in model verification of clouds and cloud
structures and is an uninterrupted source for aviation and weather prediction applications.
Outside of these applications, limited utility was note$es included:

1) CloudSat supports over 100 prograwithin USGS via direct and indirect means.
Programs utilizing CloudSat indirectly range from climate and land use change; glacier
research; contaminant biology environmental impact assessments; drought assessments
and groundwater studies; snow cover mgeland volcano hazards.

2) FAA utilizes CloudSat data in conjunction with CALIPSO as part of icing forecasts by
identifying cloud layers in regions where temperatures support the presence of
supercooled water. CloudSat data are used to verify nowcastidgags and to forecast
high ice water content clouds. Recent experimental applications of the data are being
incorporated with the commercial aviation sector, as well as civil and defense weather.

3) NOAA notes that CloudSat data are being investigaténpoove Geostationary
Operational Environmental Satelie (GOESR) algorithms. CloudSat data are used by
NOAA/Global Systems Laboratory to evaluate the quality of icing forecast products.

The panel stated that a clearer pathway to operations andadbdutreach could alleviate
some of the low and not applicable (N/A) ratings by multiple agencies.

LIS on ISS (Some Utility)

Lightning Imaging Sensor (LIS) is deployed on the ISS for lightning detection and is the sibling
sensor of TRMM LIS. LIS provides total lightning measurements in NRT betwed®8 +/

degrees latitude, which covers a geographic range that includes negidpalllightning. The

panel found some utility for these measurements, although acknowledged that the data have been
superseded in many instances with Geostationary Lightning Mapper (GLM) on GGES.

included:

1) Some NOAA NWS field offices arevaluating LIS on ISS data as part of their operations
through a project with NASA Shetérm Prediction Research and Transition Center
(SPoRT). The National Hurricane Center (NHC) is currently developing a rapid
intensification tool that uses lightningput, and intends to utilize LIS on ISS.
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2) Microsoft stated that their defense and intelligence industry partners indicate some utility
in detection of false alerts for nuclear detonation.

3) FAA s investigating using the data in upcoming turbulence cadesstu

4) USGSis investigating LIS on ISS data to monitor lightning events for wildfire risk.

OCO-2 (Some Utility)

Orbiting Carbon Observatoi® (OCG2) monitors CQ with enough precision to identify

sources and sinks at a regional scale. €d®©also cpable of monitoring solanduced

chlorophyll florescence, a measure of early plant stress. -©Q@rently provides limited value

for a few agencies; however, this mission has the potential to positively impact additional agency
programs. The panel aoijpated expanded uses to be documented in future National Interest
Panels.Uses included:

1) USGS uses OCAQ data in their hydrology and climate change and land carbon
estimation programs.

2) IGES noted increased use of and interest in €Clata among pareérs in the private
sector concerning carbon emissions.

3) NGA utilizes the raw and calibrated radiance to provide an increased understanding and
accuracy of estimates concerning food, water, and environmental issues. Jdhe CO
products provide trends in urban and industrial areas in support of addressing economic
national security issues.

The panel stressed the need for improved communication and educational opportunities with
potential users at other agencies and, partigyltré private sector. The panel stated that there
were likely other organizations who could benefit in applying @3@oducts to their missions,
but lack of awareness has hampered broader adoption.

DSCOVR (Some Utility)

Deep Space Climate ObservatopSCOVR) provides a unique Earth Observation data set from
the Lagrange 1 (L1) vantage point. There are two Earth observation instruments: the Earth
Polychromatic Imaging Camera (EPIC) and the National Institute of Standards and Technology
(NIST) Advancel Radiometer (NISTAR). Two agencies currently found utility in observations
from DSCOVR; however, others remarked that their organizations were unaware of the mission
and its capabilities, so lack of communication/outreach is an issue. The coarseresbihe

data products may also prevent certain applications from using the data. These issues led to a
rating of some utility by the paneUses included:

1) USGS noted that the Landsat Science Team is investigating DSCOVR data for
supplemental atmospheric characterization.
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2) NGA stated that EPIC6s continuous observa
of influence of bidirectional reflectance factorsiatelligence matters; however, the
spatial resolution of EPIC limits these to general trends. Also, the format of the data is
very different than other missions, limiting utility.

The panel encouraged better communication of DSCOVR products to tieaapps

community, possibly through workshops, webinars, conference sessions, etc. The absence of
DSCOVR data from June 2019 to March 2020 was also noted.
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Introduction

NASAG6s Science Mission Directorate (SMD)/ Ear
comparative reviews of earbit missions in extended operationgriaximize the scientific return

of the Earth Science mission fleet within finite resources, a process called the Senior Review for
Extension of Operating Missions. NASA uses the findings from these comparative reviews to
define an implementation strategydagive programmatic direction and budgetary guidelines to
the missions and projects concerned for the
budget planning cycle). This periodic NASA comparative review for missions in extended
operatonss known as the fASenior Review. 0

The following thirteen missions (in alphabetical order) were invited to propose to the 2020 Senior
Review: Aqua, Aura, CALIPSO, CloudSat, CYGNSS, DSCOVR Earth Science Instruments,
ECOSTRESS, GPM, LIS on ISS, O&) SAGEIIl, SMAP, and Terra. Performance factors are

to include quality and demonstrated scientific utility of the mission datasets, contributions to
national objectives, technical status and budget efficiency. The period for the 2020 review covers
Fiscal Years (FY2021 through FY26.

The objective of the ESD Senior Review is to identify those missions beyond their prime mission
lifetime whose continued operation contributes @$tf ecti vely to both N/
nationb6s operati on al ionnceteriahsfar exterisien opa missianrig/ its e v a
contribution to NASAOGs research science o0bj
acknowledges (1) the importance of long term data sets and overall data continuity for Earth
science research; a(®@) the direct contributions of mission data to national objectives, such as the
routine use of neareattime products from NASA research missions for applied and operational
purposes by U.S. public or private organizations.

The Senior Review is compakef two panels: the Science Panel and the National Interests Panel.
The Science Panel is the primary panel. It is an independent analysis group with sole responsibility
to evaluate the scientific merit ofthsienceh mi
strategic plans and objectives. The Science Panel is drawn from recognized expert members of the
Earth Science research community, and supported by technical (Technical Revipangi)and

cost experts from within and outside NASA to assesshiéalth and viability of the operating
satellites and the proposed mission budgets.

The National I nterests Panel assesses the ut
satisfy national objectives through nosearch use for applied aoperational purposes by non

NASA organizations. The National Interests Panel is drawn from federal, local government, non
profit and commercial users of NASA research data.

The Senior Review Panel considers the results from the National Interestfithtted aechnical
Subpanel in their final review findings and ratings.

The NASA Science Office for Mission Assessments (SOMA) performs a Technical Review that

partially mirrors the Technical, Management, and Cost (TMC) evaluations that NASA SOMA
performson PrePhase A mission concepts. As the Senior Review proposals are for extensions on
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the Operations and Sustainment phase (extended Phase E), the Technical Review emphasizes th
hardware status and performance, life expectancy, and mission operaticfeplealth, safety,

and data collection. Figure 1, below, shows the role of the technicpbsighin the Senior Review

flow.

ESD Senior Review Technical review Compliance Check of

- i —>1
Call Letter Release Kickoff Prapassiesscatnd Proposals
12/03/19 03/03/20 03/06/20

TRl e L 1

1 1
Science Merit Plenary Meeting [<—1 Science Merit Review <

| 13-15 May ! :

Questions Ar— e SR s SRS

to Mission {
Teams : : . .
Technical Plenary Meeting I<— Technical Reviews <—
r{ Senior Review Panel Meeting . April 21-24, 2020
"""""""""" |
£ [ 1
July 7-14, 2020 T National Interest Plenary < National Interest Review

Meetin 1 :é—
______ Juyerido0 1| Aeri28.2020
T T T TT T T T T T T T T (T 1
— Cost Meeting Cost Review !
|

New Budget Guidelines and Projects Revised Implementation

—>| Publication of Panel’s Report | Instructions to Projects ) Plans to ESD
August 15, 2020
Fig. 1. Senior Review Flow
Proposers were i nstr utSeeda Review 2020 for ERt€hsidnbBartdt or F
Science Operating Missionso to:
ADIi scuss the overal/l technical status of

approach to managing operations to optimize health and vitality of the elements.
Include the spacecraft, instruments, agcbund systems including spacecraft
control center and science center(s). Summarize actions taken to improve the
effectiveness of the mission operations tasks and describe what improvements have
been accomplished. Summarize the health of the elementsiandyd limitations

as a result of degradation, aging, use of consumables, obsolescence, failures, orbit
changes, etc. Hosted instruments, especially those on the International Space
Station, should address accommodation issues such as cleanliness oyaiiesy

that may affect the dataset. Include an estimate and rationale of mission life
expectancy, including an estimate of pmsssion lifetime (assuming the initiad 3

year extension) and an updated estimate of the reliability to accomplish your
plannal endof-mission passivation procedure (also assuming tiee8 extension).
Provide supporting data in the form of engineering data tables and figures in
Appendi x E. o
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Technical Review

Technical Review Criteria

Each proposed mission extension is reviguedetail for feasibility of mission implementation,
as reflected in the perceived risk of accomplishing the extended mésspoposed.

The TechnicalSup anel i s assigned the task to assess
projections fothe satellite and instrument(s), the mission operations implementation plan, and the
likelihood of accomplishment within the proposed cost. The technical experts will consider factors
including the status of consumables and predicted utilization; spacaochfnstrument status,
performance degradation, and failure risk; the proposed mission operations approach for the
effective and safe management of an aging satellite; and mission and data management. The
Technical Review results in narrative text aslves a Risk Rating for the feasibility of the
extended mission implementation.

Technical Review Principles

The basic assumption is that each mission will be extended unless significant technical weaknesses
are evident that raise concerns about the pexposssion extension. The proposer is regarded as
the expert on his/her proposal, and is therefore accorded limited benefit of the doubt.

The proposerds task is to provide evidence
review the Technicbubpanebs task is to try to validate t

All Proposals are reviewed to identical standards and they receive the same evaluation treatment
in all areas and are not compared to other proposals. The Techulgadnelis mad up of non
conflicted reviewers who are experts in the areas that they review. Proposed mission extensions
are reviewed using only the review factors that apply to the specific mission.

The proposals are reviewed only on the risks that are under ttreladfrthe proposer. Inherent
risks from spacdased missions, e,gspace environments, are not considered in the review.
Programmatic risks of mission extensions,,dgdgetary uncertainty, are not considered on the
review. Risks that the mission teacan address, e,qadequacy of resource management, are
considered.

Technical Risk Ratings

The Technical Review is to determine, for each proposed mission extension, the level of risk of
implementing the mission extensias proposedAn integral part of the Technical Review is the
review of resources available to the proposer to address pmbResources can include
redundant hardware, consumables, reserves, and margins on physical resources such as power ar
propellant, planned solutions, and personnel.

Technical Risk Ratings are defined as
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Low Risk: There are no problems evident in the mission that cannot be normally solved well
within the resources available. Probl ems ar ¢
capability to continue the proposed investigation well within tralable resources.

MediumL o w: Probl ems have been identified, but
capabilities to correct within available resources with good management and application of
effective engineering resources. Mission desigg beacomplex.

Medi um Ri sk: Probl ems have been i1identified
capabilities to correct within available resources with good management and application of
effective engineering resources. Mission design may be esmapld resources tight.

Medium-High: One or more problems of sufficient magnitude and complexity have been identified
that are unlikely to be solved within the available resources.

High Risk: One or more problems are of sufficient magnitude and conypéxiio be deemed
unsolvable within the available resources.

Technical Review: Definitions of Findings

Each finding is identified as a

Major Strength: A facet of the response that is judged to be well above expectations and can
substantially contributéo the ability to meet the proposed technical objectives well within the
available resources.

Major Weakness: A deficiency or set of deficiencies taken together that are judged to substantially
impair the ability to meet the proposed technical objecini#sn the available resources.

Minor Strength: A facet of the response that is judged to be above expectations and can contribute
to the ability to meet the proposed technical objectives within the available resources.

Minor Weakness: A deficiency thitjudged to impair the ability to meet the proposed technical
objectives within the available resources.

For the Senior Review all findings (major and minor) are considered on the Technical Review risk
ratings.

Technical Review Process

The TechnicaSubpanelis composed of nenonflicted reviewers who are experts in the areas
that they review. These areas include Instruments, Flight Systems, and Mission Design and
Operations. The Technic8ubpanelis asked to consider technical factors suchresruments

status of the instrument(s) and components, redundancies, projected lifetime, and instrument
resource managemenglight Systemsi flight systemsstatus and health, redundancies,
consumables, argins, and spacecraft resource managenmission Design and OperatioRs
mission operations approach, ground facilitiemew/existing, and telecommunications. The
TechnicalSubpanelis led by two Form Leads who are responsible for guiding the distisssi

and for the Technical Findings Form development.

The TechnicaBubpaneldevelops individual comments, followed by findings for each proposal
that reflect the general agreement of the estitepanel Comments form the basis of findings as
foll awdovefiexpectationso transl ate into #fAstr
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Aweaknesseso, and fdas e xSuepaneleldconfetkiocesrare heldifoe s u |
each proposal to discuss comments and findings. During the discussilondusl comments are
kept, merged with other similar individual findings, or dismissed where appropriate.

A TechnicalSubpanelMeeting is held to refine and finalize the Technical Forms and determine
the Risk Rating for each proposed mission extendtamdings are refined, merged with other
similar findings, or dismissed. Each Form is reviewed 3 times and polling is held to determine the
Risk Rating.

Technical Review Product

The Technical Review of the 2020 Senior Review results in a TechnicaviR&arm for each
proposal. This form is labeled with the appropriate Mission name and Principal Investigator; it
contains the Risk Rating and a rationale paragraph explaining the rating; and it enumerates the
Major Strengths, the Major Weaknesses, the Mi@wengths, the Minor Weaknesses, and any
guestions sent to the proposing mission team. This form is the product of the Technical Review
process described above and for each proposal it is regarded as the report from the Bedhnical
panelto the SenioReview Panel.

Technical Review Summary Results

Table 1 shows the Risk Ratings for each proposed mission extension. Including the Technical
Review Form for each proposal in this report would be very cumbersome therefore only the risk
rating and rationalare presented. If more detail on the results of the Tech8idapanelis
required, the Technical Review Forms are available from the NASA SOMA archive. The
rationales are organized alphabetically.

Table 1. Summary results of the Technical Reviewlera020 Senior Review
MisSi RiYf Low Medium-Low Medium | Mediumi High High
CALIPSO
ECOSTRESS
GPM
SMAP
Aura
CloudSat
CYGNSS
Agua
DSCOVR
ISSLIS
0OCO2
SAGEIII
Terra

XXX [X

XXX

XXX X|[X[X
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Rationale statements

Aqua
The Aqua proposed mission extension is rated.@s Risk. The Senior Review Technical

evaluation has identified four Major Strengths and no Major Weaknesses. The Atmospheric
Infrared Sounder (AIRS)nstrument is expected to continue to perform well throughout the
extended mission. The Clouds and the Ea+thos
3 and FM4) performance is unchanged since 2017, and nearly all instrument components appear
to bein excellent condition and are expected to perform well for the anticipated life of the
spacecraft. The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument continues
to operate very well, and is expected to continue to perform well throutjteoextended mission.

All spacecraft subsystems remain configured through their prisidey hardware, providing
resilience to anomalies that may occur during the remaining years of the mission.

Aura

The Aura proposed mission extension is ratedvi@slium-Low Risk. The Senior Review
Technical evaluation has identified one Major Strength and no Major Weakrdss®éicrowave

Limb Sounder (MLS) is in very good condition after 15 years of successful operation in orbit and
should operate successfully through22. Minor Strengths include: The Ozone Monitoring

l nstrument ( OMI ) I's currently operating at
scientific data and should continue to operate well through the extended mission; the Aura
spacecraft bus comtiies to perform adequately, having never experienced safe or a survival mode
event. Minor weaknesses associated with the Flight Systems were noted by the panel.

CALIPSO

The CloudAerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) pedpo
extension is rated &dedium Risk. The Senior Review Technical evaluation has identified three
Major Strengths and one Major Weakness. The thasl Infrared Imaging Radiometer (lIR) has
performed well within specification with the exception of the low voltage power supply, and can
be expected to continue to work well for several years. The Wide Field of View Camera (WFC)
is performing well and is expected to do so throughout the extended mission*. The CALIPSO
spacecraft bus continues to perform well, and all of its subsystem redigglegmain in place.
However, the Cloudherosol Lldar with Orthogonal Polarization (CALIOP) backup laser is near
the end of its useful life due to a steadily increasing frequency of low energy laser pulses, and it is
uncertain whether a 1&art of the pmary laser will be successful.

*The panel notesthatttdF C i s currentl y p o wehethporarylbssofb ut
the WFC data is not considered a significant
20200423).

CloudSat

The CloudSatproposed mission extension is ratedMedium-Low Risk. The Senior Review
Technical evaluation has identified one Major Strength and no Major Weakn€kse€loud
Profiling Radar (CPR) can be expected to perform within specification well beyerextinded
mission with a likely switch to the backup Extended Interaction Klystron (EIK) within about a
year. Minor Strengths include: The CloudSat spacecraft bus continues to perform adequately and
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is expected to fully support the continued operatiomsuigh 2026. Some subsystems have
experienced degradation and lost redundancy, but are not expected to impact continued operations.

CYGNSS

The Cyclone Global Navigation Satellite System (CYGNSS) proposed mission extension is rated
as Medium-Low Risk. The Senior Review Technical evaluation has identified two Major
Strengths and no Major Weaknesses. Since science operations began on 18 March 2017, the
doppler delay mapping instrument has been performing very well, returning data with close to
100% duy cycle, and this performance is expected to continue through the extended mission.
Nearly all of each Observatoryods subsystems
any components has been observed, and trending indicates that ale@NES observatories

are likely to continue nominal science operations through the proposed extended mission.

DSCOVR

The Deep Space Climate Observatory (DSCOVR) proposed mission extension is lateéd as

Risk. The Senior Review Technical evaluation fugtified three Major Strengths and no Major
Weaknesses. The Earth Polychromatic Imaging Camera (EPIC), a Casbagminsystem
featuring 10 narrow bands and a Charge Coupled Device (CCD) for ultravioleti (Migible

(VIS) T near infrared (NIR) imagig, is performing well and is expected to continue to do so
throughout the extended mission. The NIST Advanced Radiometer (NISTAR), edvige
electrical substitution radiometer (ESR), is operating as expected, has not had any issues, and car
be expeted to perform stably for many years. The majority of the spacecraft subsystems are
operating well and are expected to be able to support the proposed mission extension.

ECOSTRESS

The ECOsystem Spaceborne Thermal Radiometer Experiment on Space (E@QBTRESS)
proposed mission extension is ratedviedium Risk. The Senior Review Technical evaluation

has identified one Major Strength and no Major Weaknesses. ECOSTRESS, a thermal infrared
crosstrack scanning radiometer, is currently collecting datéhiee of five spectral bands within

the 8 to 12.5 micrometer region, and exhibits good instrument health that is expected to continue
throughout the extended mission. While all minor strengths and weaknesses were also considered
intherisk assessmeotth e si gni fi cant Minor Weakness was
proposed plan to continue science operations for the full duration of the proposed extension is not
supported by the current International Space Station (ISS) manifest planning.

GPM

The Global Precipitation Measurement (GPM) proposed mission extension is ratéstiasn

Risk. The Senior Review Technical evaluation has identified two Major Strengths and one Major
Weakness. The GPM Core Observatory (GEM) instruments, the Duéilequercy Precipitation

Radar (DPR) and the GPM Microwave Imager (GMI), have been stable and have performed very
well since launch in 2014. Most of the GPM bus subsystems are expected to continue to operate
well throughout the proposed mission extension. Howethe majority of the Precipitation
Processing System (PPS), a very important component of the ground system for the GPM mission,
has either exceeded its operational life or is very close to doing so, and there are insufficient
resources to provide urgénhneeded maintenance and updates to the hardware. While all minor
strengths and weaknesses were also considered in the risk assessment, one significant Minor
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Weakness was identified, as follows: Given the recent malfunction with Reaction Wheel Assembly
(RWA) #5, and the 2019 failure of RWA #2, there is an increased concern that an additional RWA
will fail within the extended mission period, and that the remaining control authority may not be
sufficient to support nominal operations.

ISSLIS

The ISSLIS proposed mission extension is ratedLasv Risk. The Senior Review Technical
evaluation has identified one Major Strength and no Major Weaknddse4.ightning Imaging

Sensor (LIS) on the ISS, based on an Optical Transient Detector (OTD) desidgrachradiation

and operational issues, but these appear to have been resolved and LIS can be expected to perforr
predictably for several years.

0CO2

The OCQ2 proposed mission extension is ratedLas Risk. The Senior Review Technical
evaluation hagdentified two Major Strengths and no Major Weaknes§hs. single instrument

on OCQO2, athreechannel imaging spectrometer, can be expected to continue to perform for many
years with minor optical and detector degradation, and no significant issuesingrtai be
addressed. The OGP spacecraft is in excellent health and is expected to support the continued
operations without issue.

SAGEIll on ISS

TheSAGE 111/ISSproposed mission extension is ratetl@s Risk. The Senior Review Technical
evaluation has identified one Major Strength and no Major Weaknd@$eeSAGE Il instrument,

a grating spectrometer measuring UXsible, and NIR energy using solar/lunar occultation
techniqueshas performed reliably an@ie be expected to continue its performance with only very
minor issues.

SMAP

The SMAP proposed mission extension is rateifladium Risk. The Senior Review Technical
evaluation has identified two Major Strengths and one Major WeakmassSMAP L-band
RADiometer (RAD) is healthy and likely to operate successfully for several years. The SMAP
spacecratft is in excellent health and should support the mission extension without major issues.
However, the Science Data System (SDS) hardware is currently passige tife, has suffered
failures that impacted science operations, and is nearing storage capacity; without additional data
storage, storage limits will be reached early in the extended mission.

The SMAP mission technical risk for the 202326 operatios extension period is expected to
be higher due to the lack of a budget for the SDS hardware maintenance or additional science
data storage and due to the ongoing spacecrafMdtatiie Memory (NVM) degradation.

Terra

The Terra proposed mission extensisnrated ad.ow Risk. The Senior Review Technical
evaluation has identified six Major Strengths and no Major Weaknesses. The Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) instrument, which scans
alongtrack in the visible and e infrared, and acrogeack in the thermal infrared, and with the
exception of the shortwave infrared (SWIR) channel, has performed as predicted since launch and
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is expected to continue to do so for damtver al
Energy System (CERES) broadband radiometer instruments have performed stably for the
duration of the mission and should continue to do so for several years. Th&Mil#ilmaging
SpectroRadiometer (MISR), with nine aletigck Visible/Near InfraRedameras, has performed
stably and reliably throughout its lifetime, with combined radiometric performance at the 3%
uncertainty level. The MODeratesolution Imaging Spectroradiometer (MODIS), a visible to
longwave cross$rack scanner, has had minoruss, but can be expected to perform within
requirements for several years. The Measurements of Pollution in the Troposphere (MOPITT), an
8-channel gas correlation spectrometer, is expected to operate predictably over the mission lifetime
with 4 of 8 changls active. The majority of the spacecraft bus subsystems continue to perform
well, with most of the redundancies in place.

The Terra mission technical risk for the 26AR6 operations extension period is expected to be

higher due to several failurespetienced by the Electrical Power Subsystem. Operational
impacts will likely occur starting in 2025, forcing mission termination in 2026.
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APPENDIX 3

Report of the 2020 Cost Suipanel of the NASA Senior Review
Chair: Richard Law
NASA Langley Research Center, Earth System Science Pathfinder Program Office. Richard Law
was assisted by Mark Jacobs, Sherill Platt, and Takenya Roberts.
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INTRODUCTION

The cost team conducted their analyses from Febidyy2020. The cost team conducted-one
onone meetings with each the Senior Review Lead Reviewers, one for each of the reviewed
projects, in July 2020 and met with the full Science Panel in July 2020 to discuss their analysis
method, rating criteria, and discussed any required clarificafidresfinal meeting in July 2020
included presentations from each of the mission project teams including responses to the review
panel 6s questions.

The cost analysis process followed was derived from the approach used to evaluate Announcement
of Opportuniy proposals, with necessary adjustments to incorporate unique aspects of the Senior
Review. This process, repr esent-B,delieb gn détadileel 0 p y
analysis of many items within each proposal to form the foundation oh#tgses.

Cost
Risk Rating

Finding Summary

Findings from the proposal cos’
review and inputs from the full
review panel are used to identif
risk items, assess viability of ris|
mitigation plans, and define

threats th_at could qud _to CO! Cost Rk Risk
growth. Given these missions ai Threats  Items  Mitigation

beyond the endfaheir primary

Basis of

mission, reserves are general Estimate — historical OCOSFS?‘
. . . . . R rganizaton
limited, and operating mission: expenditure ¢
tend to rely on uwtosted _
Nominal FY 2016 Funding Budget Target

carryover from the prior year a
reserve.

Profile & Staffing

Cost to proposal Plan

Contributions Noted

Internal Consistency Check Funding Profile Available Uncosted
(totals, neg. numbers, etc.) & Annual Cost Accrual Carryover

Fig. 3-1 Cost Analysis Process
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The overall rsks, [cost rik Definition

m itigati on p|an s, and Cost Envelope is adequate - expect success.
h ” - The proposer's estimate (with reserves) agrees closely with the work, staffing, and schedule proposed, fits within the

COSt t reats a LOW program cap and any other budget constraints, and is verified by independent analysis.
Contrlbute to the - The proposed cost reserve is adequate to address idenitified cost threats and to fund unexpected needs.

- The resource management plan indicates strong, active management of resources throughout implementation.

. . Th g t plan indicates st ti t of th hout impl tati
overall cost risk ratin g . Cost Envelope is somewhat tight, but project should succeed.
F' t i MEDIUM-| . Independent analysis identified one or more significant cost threats or weaknesses with regard to the proposer's
Ive categories werg ) ; byietin
.. Low estimate, cost reserves, and/or resource management. Overall impact of identified threats and weaknesses should be
used and d6f| n |t|0ns manageable.
for each are provided Cost Envelope is tight. Success requires diligent oversight of resources.
B . p . - Independent analysis identified one or more significant cost threats or weaknesses with regard to the proposer's
n F|gure 32 . Th IS | MEDIUM | estimate, cost reserves, and/or resource management. Cost impact of threats may be underestimated by proposer.
: H H Overall impact of identified threats and weaknesses should be manageable.

cost risk rating is base( g i . ¢

- Independent analysis verifies some or most of proposer's costs.
on the proposed cost Cost Envelope is very tight. It is likely the project will require more funding.

H MEDIUM-| - Independent analysis identified one or more major cost threats or weaknesses with regard to the proposer's estimate,
and plans durlng the i cost reserves, and/or resource management. Cost impact of threats appears underestimated by proposer. Overall
penod Of performan ce High impact of identified threats and weaknesses will be challenging to manage within funding and/or schedule constraints.
A d t - Independent analysis could not verify significant elements of proposer's costs.

S Seconaary ra Ing Project exceeds the Cost Envelope and is expected to require substantially more funding.
the COSt evaluatlon - Independent analysis identified one or more major cost threats or weaknesses with regard to the proposer's estimate,
. HIGH cost reserves, and/or resource management. Cost impact of threats exceeds proposed resources and/or available
the n |00 ked at proJ 6C1 resources to cover them. Threats are not acknowledged, or are underestimated by proposer.
request and - Independent analysis could not verify proposer's costs.
compared to the Fig. 3-2 Risk Categories
funding target as

provided as part of the 2020 Senior Review call letter. This portion of assessment considered prior
years,f scal year (FY) 2018 to FY2020, projectos
the funding requested value as well as the available uncosted carryover.

HIGH-LEVEL COMPARISONS

Comparisons of the proposed funding levels for combined missioataper and data analysis
(MO&DA), mission operations, and the science team are summarized in Figuidt of the

projects are near or below primary mission funding levels except CloudSat and Soil Moisture
Active/Passive (SMAP), which are only sligh#lipove 100%. The plot on the right shows the ratio

of science team funding to mission operations. Projects with higher mission operations costs
(above the dashed line) may be trading science data product efforts to support mission operations
to maintain s@nce data collection (with some deferred science analysis).
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Comparison of Mission Operations & Science Team Requested Funding
Requested FY21 Funding Level (Overguide/Max) % of Prime Mission Annual Costs OVERGUIDE FY21-26 RYSM
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.
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Fig. 3-3 Mission FY18 costs compared to previous expenditures (left), and ratio
of mission to science dollars (right).

SUMMARY COST RATINGS

The final cost risk ratings are shown in Figué. Details for each project are provided in the next
section of this report.

Mission Cost Risk Rating  Rationale

CALIPSO Med Risk Efforts to revive primary laser may not succeed

CYGNSS Low Risk Requested funding appears conservative

Aqua Low Risk Reasonable request with well supported BoE

Aura Low Risk Request appears reasonable & HW is in good condition

DSCOVR Low Risk Request appears reasonable

GPM Med/Low Risk Request appears reasonable although concerns about RWAs

Terra Low Risk Request appears reasonable and HW in ok condition

LIS Low Risk Request appears reasonable; Overguide options based on likely delay to replace with CPF on ISS
CloudSat Med Risk S/C health beyond 2023 likely to have issues

ECOSTRESS| Med/Low Risk Based on reasonable likelihood to experience HW issues operating out to 2026
SMAP Med Risk High level BoE; Unclear BoE for SAR "jump start" effort

0CO0-2 Med/Low Risk  Not clear if Overguide funding is sufficient

SAGE Ill Low Risk Request appears reasonable

Fig. 3-4 Mission extension cost risk assessments for each mission as well as
the high level rationale
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INDIVIDUAL PROJECT COST ANALYSIS SUMMARIES

Summary details of the cost analyses for each project are included in this section, which comprises

of
1
1

Projectspecific cost assessment summary.

Findings: Includes significant items that may affect cost performance. These are based on
details from the cdasassessments covering various aspects of each proposal.

Evaluation Criteria Assessmerffummarizes lowelevel findings regarding evaluation
criteria derived from the Call for Proposals.

Project Cost/Expenditure History and Requesiiows funding and wkforce by fiscal

year for FY 2017 / 2019 through the proposed operating time. Data includes funding
guidelines and uncosted carryover.

Cost Analysis Comparison§his analysis compares costs to the nominal operations level,
MOS vs. Science, and costs bganization.

In-Kind Support/Funding:This area covers all significant contributions toward each
projectos Mi s s iandSciefcg PatadAhalysi(ZA) reghii@ments.

Additional supporting details covering all cost analysis areas were providlee panel and are
covered in a separate p+CodAnalysiaRinaldssesgnierdt Radinmy Se

(4.

30.17).ppto).
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